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1. Introduction
The production of W bosons in hadron-hadron collisions is one of the most important pro-
cesses in terms of our understanding of the Standard Model. W bosons decaying leptonically have
a large experimental cross section, characterised by a lepton with high transverse momentum ac-
companied by missing energy in events corresponding to the produced (anti-)neutrino. Knowledge
of the process to a high precision in both theory and experiment is mandatory, informing our un-
derstanding of subjects including detector calibration and the accuracy of calculational techniques
over a large kinematic range.
Many important measurements can be made in W production. In particular, W production
in association with a jet is a dominant background for much rarer processes including associated
WH production and single top quark production. It is also crucial for dark matter searches with
a missing energy signal, where the process is an important background. Hadronic W production
also gives us a valuable insight into the flavour content of parton distribution functions (PDFs),
principally through the different couplings of the W± bosons to valence quarks inside the proton.
Measurements of W production with a single associated jet also allow information to be obtained
with respect to the proton gluon content, which appears at leading order (LO) for the process.
Further to this, calculations for W+ jet production can also be utilised for inclusive produc-
tion at finite transverse momentum pWT , where a recoiling jet is implicitly required for momentum
conservation. Accurate predictions for pWT are particularly important for W mass determinations
where the pT spectrum of the Z boson is used to indirectly model and estimate behaviours in the
pWT spectrum. The large size of the W production cross sections ensures small statistical errors in
experimental measurements which offsets the systematic errors coming from ET reconstruction for
the neutrino.
Naturally, due to the importance of the process, considerable work has been done with regard
to improving the theoretical predictions. In terms of electro-weak (EW) calculations, next-to-
leading order (NLO) corrections to the inclusive process have been computed in [1, 2]. For the
QCD corrections, NLO + parton shower (PS) has become standard for low jet multiplicities and
is now automated in multiple general-purpose event generators. The next-to-next-to-leading order
(NNLO) QCD corrections to inclusive W production have been known for a long time [3–5], and
have been independently reproduced in multiple calculations. The NNLO QCD corrections for W
production in association with a single jet,
pp→W±(→ l +νl)+ jet+X , (1.1)
were calculated much more recently [6–8], and it is the computations of these corrections with the
NNLOJET framework which we consider here.
NNLOJET is a Monte Carlo parton-level event generator at NNLO in QCD using the method
of antenna subtraction [9–17] for the cancellation of the infra-red divergences between real and vir-
tual terms in the perturbative expansion in the strong coupling αS. The subtraction counterterms are
formed from ratios of matrix elements for simple processes which can be used to fully replicate the
divergent structures of more complex processes. All relevant real emission antenna functions for
all hadron-hadron collisions with massless partons have been integrated over the unresolved phase
space to give the virtual counterparts, meaning that all components required for NNLO subtraction
1
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Figure 1: Cross sections differential in |η j1 |, p j1T for W production compared to CMS data at 8 TeV .
Predictions at LO (green right-hatched), NLO (orange left-hatched), and NNLO (red cross-hatched) are
compared to CMS data from Ref. [35]. Distributions normalised to NLO are shown in the lower panels. The
bands correspond to scale uncertainties estimated as described in the main text.
in massless QCD are well known and allowing computation of cross sections and multidifferential
distributions with arbitrary cuts in NNLOJET.
Following results for boson production in association with a jet [8, 18–24] and di-jet produc-
tion [25–27] in proton-proton collisions, di-jet production in neutral current, charged current and
diffractive DIS [28–31] and three-jet production in e+e−-annihilation [32], the process library in
NNLOJET has recently been expanded to include Higgs production in vector boson fusion (VBF)
in proton-proton collisions [33], and single-jet production to N3LO QCD in NC DIS [34], using
the method of Projection-To-Born (P2B).
In Section 2 we present new results for CMS 8TeV data for W production in association with
a jet, and in Section 3 we show results for the closely related pT spectrum of the W, first reported
in [8].
2. W boson production in association with a hadronic jet
We start with results for W production, where one or more jets is explicitly required alongside
the boson in the experimental analysis. The 19.6 fb−1 CMS data taken at 8 TeV used for this
comparison is taken from [35] for the muonic decay channel in combined W± production, where
we use the notation W = W+ +W−. The anti−kT jet algorithm is used, with radius parameter
R = 0.5, and the central scale chosen for the predictions is
µR = µF =
√
m2µν +∑
i
(piT,jet)
2, (2.1)
with scale variations performed independently for the factorisation and renormalisation scales µF
and µR by factors of 12 and 2 under the constraint
1
2 < µF/µR < 2. We use the central member of
2
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Figure 2: The cross section differential in HT of the jets and the exclusive jet multiplicity Njets for W produc-
tion compared to CMS data at 8 TeV . Predictions at LO (green right-hatched), NLO (orange left-hatched),
and NNLO (red cross-hatched) are compared to CMS data from Ref. [35]. The HT distribution is normalised
to NLO, and the jet multiplicity is normalised to data. The bands correspond to scale uncertainties estimated
as described in the main text.
the NNPDF31_nnlo PDF set [36] with αS(MZ) = 0.118 for these predictions at all perturbative
orders.
The phase space cuts applied for the analysis are:
pjetsT > 30 GeV, |η |jets < 2.4, |ylep|< 2.1, plepT > 25 GeV, mWT > 50 GeV, (2.2)
where mWT is the transverse mass of the W boson. Scale errors are treated as fully correlated
between the W+ and the W− when obtaining total rates for W production. The NNLO QCD
distributions were independently calculated for all observables with a single jet at leading order
in [35] using the method of N-jettiness subtraction [7], however a direct comparison cannot be
immediately performed here as hadronisation effects have been applied to the N-jettiness results
presented in [35].
The differential distributions for the absolute pseudorapidity |η j1 | and transverse momentum
p j1T of the leading jet, the scalar sum of jet transverse momenta HT of the jets and the average num-
ber of jets per event Njets have been computed and are shown in Figs. 1 and 2. For all distributions,
we observe a sizeable reduction in scale errors at NNLO with respect to NLO. The p j1T distribution
shows good agreement with data within errors for the full range of p j1T from 30 GeV to 1 TeV,
with a correction factor of up to 30% over the NLO result for high p j1T . There is a shape difference
seen at low pT close to the edge of the allowed phase space where resummation effects begin to
have a large impact. The |η j1 | distribution of the leading jet shows good agreement with data up
to |η j1 | ∼ 2 where the fixed order prediction begins to underestimate the data by up to ∼ 20%,
although this is still largely within the experimental error bounds.
The distribution of the scalar sum of jet transverse momenta (HT ) shows good agreement with
data up to ∼ 700 GeV where effects of higher jet multiplicities Njets > 3 than can be described
3
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Figure 3: Normalised pWT distributions for W production with subsequent decay into leptons. The left hand
panel shows results for electron decays, whereas the right panel shows muonic decays. Predictions at LO
(gray fill), NLO (orange hatched), and NNLO (blue cross-hatched) are compared to CMS data at 8 TeV
from [38]. The bands correspond to scale uncertainties estimated as described in the main text.
in an NNLO calculation become dominant. This is a marked improvement over NLO, where the
agreement of the NLO prediction begins to fail at ∼ 200GeV. The Njets distribution shows the
exclusive jet multiplicity for the data. There is good agreement for the 1 jet case, and agreement
within larger scale variation bands is found for 2 and 3 jets where the NNLO W+J predictions are
only NLO and LO accurate respectively.
The origin of the large NNLO/NLO k-factors visible at high p j1T and HT can be traced back
to events with a dijet type topology, where a relatively soft W boson is radiated alongside two
hard back-to-back jets [37]. These topologies only occur for the first time at NLO in the W+ jet
calculation, yet are the dominant contibution for high jet pT . As the full NNLO calculation can
only effectively describe these contributions to NLO, we observe sizeable higher order corrections
in the regions of phase space where they contribute, accompanied by larger scale variation bands
than might otherwise be expected.
3. Inclusive W± boson production for finite pWT
As mentioned previously, our W+ jet calculation can also be used to provide fixed order pre-
dictions for the pWT spectrum in inclusive W production above some cut-off p
W
T,cut due to the implicit
requirement of a balancing jet:
pp→W±(→ l +νl)
∣∣
pWT >p
W
T,cut
+X . (3.1)
In comparison to calculations performed to O(α2S ) for inclusive W production which are trivial at
LO, this allows us to extend predictions to O(α3S ) for the majority of phase space, excluding the
region below the cut-off.
4
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Figure 4: The normalised ratio of pWT distributions W
−/W+ in the muon decay channel. Predictions at
LO (gray fill), NLO (orange hatched), and NNLO (blue cross-hatched) are compared to CMS data at 8 TeV
from [38]. The bands correspond to scale uncertainties estimated as described in the main text.
We demonstrate this by performing comparisons of the pWT spectrum above p
W
T,cut = 7.5 GeV in
both the electron and muon decay channels using 8 TeV CMS data from [38]. The pWT distributions
are normalised to the O(α2S ) inclusive result (also computed using NNLOJET) in a similar manner
to the experimental data, allowing cancellation of large systematic errors such as the experimental
uncertainty in the luminosity determination. The fiducial volume is defined by the lepton cuts
peT > 25 GeV, |η |e < 2.5, pµT > 20 GeV, |η |µ < 2.1, (3.2)
where e and µ refer to the cuts applied for electron and muon decays of the W respectively. The
PDF set used is again the central member of the NNPDF31_nnlo set [36] with αS(MZ) = 0.118
for predictions at all perturbative orders. The central scale used for both µR and µF is the transverse
energy of the W boson
µ0 = ET =
√
M2lν +(p
W
T )
2, (3.3)
with scale errors given by a variation of µF and µR by factors of {12 ,2} about the central value,
restricting to 12 ≤ µF/µR ≤ 2. In the ratios and double ratios, this restriction is generalised to an
uncorrelated scale variation whilst restricting to 12 ≤ µ/µ ′ ≤ 2 between all pairs of scales.
Predictions for the total W production rates in both the muon and electron decay modes are
shown in Fig. 3, where we observe good agreement with data across the whole of the pWT spectrum.
In particular, we observe a shape correction in the electron channel with respect to NLO in the
region 25GeV. pWT . 100GeV that describes the data particularly well. As expected there is also
a considerable reduction in the scale uncertainty bands, allowing the theory prediction to become
competitive with experimental precision.
Ratios of the pWT spectra for the different W
± bosons also allow for further flavour specific
information to be extracted from the data, of particular relevance to the u/d valence quark contents
5
NNLO QCD Corrections to W+jet Production in NNLOJET Duncan Walker
in proton PDFs. EW Sudakov logarithms present at high pWT also largely cancel in the ratios as
well as many experimental systematics, which also allow for precise comparisons to data. The
pWT distribution for the ratio W
−/W+ is shown in Fig. 4. Again, each of W− and W+ have been
normalised to their respective inclusive cross sections, such that the plot is a double ratio. One
can see that there is very accurate modelling of the lineshape, which demonstrates that the PDFs
capture the distribution of valence quark flavours well in this kinematic region.
4. Conclusion
We have presented NNLO QCD corrections for both the W + jet process and for the transverse
momentum distribution of the W boson, and performed a comparison these results to CMS data
taken at 8 TeV . These results were obtained using the NNLOJET parton level Monte Carlo
generator using the antenna subtraction method for cancellation of infra-red singularities. We see
good agreement of the NNLO results with data for a range of observables in W+ jet production as
well as in the transverse momentum spectrum of the W boson.
Acknowledgments
The authors thank Xuan Chen, Juan Cruz-Martinez, James Currie, Rhorry Gauld, Marius
Höfer, Imre Majer, Jonathan Mo, Tom Morgan, Joao Pires and James Whitehead for useful dis-
cussions and their many contributions to the NNLOJET code. This research was supported in part
by the UK Science and Technology Facilities Council, by the Swiss National Science Foundation
(SNF) under contracts 200020-175595, 200021-172478, and CRSII2-160814, by the Research Ex-
ecutive Agency (REA) of the European Union through the ERC Advanced Grant MC@NNLO
(340983).
References
[1] A. Denner, S. Dittmaier, T. Kasprzik and A. Muck, Electroweak corrections to W + jet
hadroproduction including leptonic W-boson decays, JHEP 08 (2009) 075 [0906.1656].
[2] S. Kallweit, J. M. Lindert, P. Maierhofer, S. Pozzorini and M. Schönherr, NLO QCD+EW predictions
for V + jets including off-shell vector-boson decays and multijet merging, JHEP 04 (2016) 021
[1511.08692].
[3] R. Hamberg, W. L. van Neerven and T. Matsuura, A complete calculation of the order α− s2
correction to the Drell-Yan K factor, Nucl. Phys. B359 (1991) 343.
[4] C. Anastasiou, L. J. Dixon, K. Melnikov and F. Petriello, High precision QCD at hadron colliders:
Electroweak gauge boson rapidity distributions at NNLO, Phys. Rev. D69 (2004) 094008
[hep-ph/0312266].
[5] K. Melnikov and F. Petriello, The W boson production cross section at the LHC through O(α2s ), Phys.
Rev. Lett. 96 (2006) 231803 [hep-ph/0603182].
[6] R. Boughezal, X. Liu and F. Petriello, W-boson plus jet differential distributions at NNLO in QCD,
Phys. Rev. D94 (2016) 113009 [1602.06965].
6
NNLO QCD Corrections to W+jet Production in NNLOJET Duncan Walker
[7] R. Boughezal, C. Focke, X. Liu and F. Petriello, W-boson production in association with a jet at
next-to-next-to-leading order in perturbative QCD, Phys. Rev. Lett. 115 (2015) 062002
[1504.02131].
[8] A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss and D. M. Walker,
Next-to-Next-to-Leading-Order QCD Corrections to the Transverse Momentum Distribution of Weak
Gauge Bosons, Phys. Rev. Lett. 120 (2018) 122001 [1712.07543].
[9] A. Gehrmann-De Ridder, T. Gehrmann and E. W. N. Glover, Antenna subtraction at NNLO, JHEP 09
(2005) 056 [hep-ph/0505111].
[10] A. Gehrmann-De Ridder, T. Gehrmann and E. W. N. Glover, Gluon-gluon antenna functions from
Higgs boson decay, Phys. Lett. B612 (2005) 49 [hep-ph/0502110].
[11] A. Gehrmann-De Ridder, T. Gehrmann and E. W. N. Glover, Quark-gluon antenna functions from
neutralino decay, Phys. Lett. B612 (2005) 36 [hep-ph/0501291].
[12] A. Daleo, T. Gehrmann and D. Maitre, Antenna subtraction with hadronic initial states, JHEP 04
(2007) 016 [hep-ph/0612257].
[13] A. Daleo, A. Gehrmann-De Ridder, T. Gehrmann and G. Luisoni, Antenna subtraction at NNLO with
hadronic initial states: initial-final configurations, JHEP 01 (2010) 118 [0912.0374].
[14] R. Boughezal, A. Gehrmann-De Ridder and M. Ritzmann, Antenna subtraction at NNLO with
hadronic initial states: double real radiation for initial-initial configurations with two quark flavours,
JHEP 02 (2011) 098 [1011.6631].
[15] T. Gehrmann and P. F. Monni, Antenna subtraction at NNLO with hadronic initial states: real-virtual
initial-initial configurations, JHEP 12 (2011) 049 [1107.4037].
[16] A. Gehrmann-De Ridder, T. Gehrmann and M. Ritzmann, Antenna subtraction at NNLO with
hadronic initial states: double real initial-initial configurations, JHEP 10 (2012) 047 [1207.5779].
[17] J. Currie, E. W. N. Glover and S. Wells, Infrared Structure at NNLO Using Antenna Subtraction,
JHEP 04 (2013) 066 [1301.4693].
[18] A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss and T. A. Morgan, Precise QCD
predictions for the production of a Z boson in association with a hadronic jet, Phys. Rev. Lett. 117
(2016) 022001 [1507.02850].
[19] A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss and T. A. Morgan, The NNLO QCD
corrections to Z boson production at large transverse momentum, JHEP 07 (2016) 133
[1605.04295].
[20] A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss and T. A. Morgan, NNLO QCD
corrections for Drell-Yan pZT and φ ∗ observables at the LHC, JHEP 11 (2016) 094 [1610.01843].
[21] R. Gauld, A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover and A. Huss, Precise predictions
for the angular coefficients in Z-boson production at the LHC, JHEP 11 (2017) 003 [1708.00008].
[22] X. Chen, T. Gehrmann, E. W. N. Glover, A. Huss, Y. Li, D. Neill et al., Precise QCD Description of
the Higgs Boson Transverse Momentum Spectrum, 1805.00736.
[23] X. Chen, J. Cruz-Martinez, T. Gehrmann, E. W. N. Glover and M. Jaquier, NNLO QCD corrections to
Higgs boson production at large transverse momentum, JHEP 10 (2016) 066 [1607.08817].
[24] X. Chen, T. Gehrmann, E. W. N. Glover and M. Jaquier, Precise QCD predictions for the production
of Higgs + jet final states, Phys. Lett. B740 (2015) 147 [1408.5325].
7
NNLO QCD Corrections to W+jet Production in NNLOJET Duncan Walker
[25] J. Currie, A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss and J. Pires, Precise
predictions for dijet production at the LHC, Phys. Rev. Lett. 119 (2017) 152001 [1705.10271].
[26] J. Currie, E. W. N. Glover and J. Pires, Next-to-Next-to Leading Order QCD Predictions for Single Jet
Inclusive Production at the LHC, Phys. Rev. Lett. 118 (2017) 072002 [1611.01460].
[27] J. Currie, A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss and J. Pires, Infrared
sensitivity of single jet inclusive production at hadron colliders, 1807.03692.
[28] J. Niehues and D. M. Walker, NNLO QCD Corrections to Jet Production in Charged Current Deep
Inelastic Scattering, 1807.02529.
[29] J. Currie, T. Gehrmann and J. Niehues, Precise QCD predictions for the production of dijet final states
in deep inelastic scattering, Phys. Rev. Lett. 117 (2016) 042001 [1606.03991].
[30] J. Currie, T. Gehrmann, A. Huss and J. Niehues, NNLO QCD corrections to jet production in deep
inelastic scattering, JHEP 07 (2017) 018 [1703.05977].
[31] D. Britzger, J. Currie, T. Gehrmann, A. Huss, J. Niehues and R. Žlebcˇík, Dijet production in
diffractive deep-inelastic scattering in next-to-next-to-leading order QCD, Eur. Phys. J. C78 (2018)
538 [1804.05663].
[32] T. Gehrmann, E. W. N. Glover, H. A., J. Niehues and H. Zhang, NNLO QCD corrections to event
orientation in e+e− annihilation, Phys. Lett. B775 (2017) 185 [1709.01097].
[33] J. Cruz-Martinez, T. Gehrmann, E. W. N. Glover and A. Huss, Second-order QCD effects in Higgs
boson production through vector boson fusion, Phys. Lett. B781 (2018) 672 [1802.02445].
[34] J. Currie, T. Gehrmann, E. W. N. Glover, A. Huss, J. Niehues and A. Vogt, N3LO corrections to jet
production in deep inelastic scattering using the Projection-to-Born method, JHEP 05 (2018) 209
[1803.09973].
[35] CMS collaboration, V. Khachatryan et al., Measurements of differential cross sections for associated
production of a W boson and jets in proton-proton collisions at
√
s = 8 TeV, Phys. Rev. D95 (2017)
052002 [1610.04222].
[36] NNPDF collaboration, R. D. Ball et al., Parton distributions from high-precision collider data, Eur.
Phys. J. C77 (2017) 663 [1706.00428].
[37] M. Rubin, G. P. Salam and S. Sapeta, Giant QCD K-factors beyond NLO, JHEP 09 (2010) 084
[1006.2144].
[38] CMS collaboration, V. Khachatryan et al., Measurement of the transverse momentum spectra of weak
vector bosons produced in proton-proton collisions at
√
s = 8 TeV, JHEP 02 (2017) 096
[1606.05864].
8
